Introduction
Thyroid disease is associated with atherosclerotic cardiovascular disease. [1] [2] [3] This is undoubted for overt hypothyroidism, but there is controversy as to whether this association is also present in subclinical hypothyroidism. 2, 4, 5 The association of thyroid disease with atherosclerotic cardiovascular disease may in part be explained by thyroid hormone's regulation of lipid metabolism and its effects on blood pressure (BP). However, the impact of various degrees of thyroid (dys)function on these factors continues to be debated. It is known that overt hypothyroidism leads to an increase in plasma cholesterol levels and BP. 4, 5 Most studies in subclinical hypothyroidism show comparable but less pronounced associations. 6, 7 Several cardiovascular risk factors cluster within the metabolic syndrome. 8 Insulin resistance is supposed to be the central pathophysiological phenomenon underlying this clustering. 9 Although Reaven 10 already highlighted the concepts of insulin resistance and the metabolic syndrome in 1988, it lasted until 1998 before the first attempt for an internationally accepted definition was put forward. 11 Since then, several expert groups have formulated and adapted definitions. [12] [13] [14] Both the widely accepted National Cholesterol Education Program's Adult
Treatment Panel (ATP) III definition and the recent International Diabetes Federation (IDF)
definition comprise abdominal obesity, dyslipidemia, hypertension, and glucose intolerance. 12, 14 Most subjects at risk for cardiovascular disease are euthyroid. Little is known about the relationship between insulin resistance and thyroid function. Only a few small studies have been performed. In a cross-sectional study in 47 healthy euthyroid subjects, it was found that concentrations of free T3 (FT3) are associated with insulin production and hyperinsulinemia. 15 In the same study population, it was found that insulin resistance modifies the relationship between levels of TSH and low-density lipoprotein cholesterol (LDL-C). 16 A similar study in 117 diabetic patients revealed a comparable interaction between thyroid function and insulin sensitivity in contributing to diabetic dyslipidemia. 17 We aimed to investigate the relationship between thyroid function, serum lipids, insulin resistance, and components of the metabolic syndrome in a large sample of euthyroid subjects in the general population.
Subjects and methods

Study population
The database used for this study consisted of a random sample of 2703 participants of the PREVEND (Prevention of Renal and Vascular End Stage Disease) study, all inhabitants, aged 28-75 yr, of the city of Groningen, a middle-sized city in The Netherlands. The protocol of this study has been described elsewhere. 18 In short, the PREVEND study prospectively investigates the natural course of renal and cardiovascular disease in a large cohort drawn from the general population. Subjects using insulin were excluded from this study. For our analyses, subjects not being euthyroid and those using thyroid medication were excluded, as well as subjects taking oral blood glucose-lowering medication, subjects with known diet controlled diabetes, and subjects of whom blood was not taken in the fasting state. Moreover, subjects of whom no pharmacy data about the use of earlier mentioned drugs were available were also excluded from further analysis. Finally, 1581 subjects were evaluated.
The local medical ethical committee approved the study. All participants gave written informed consent.
Definitions
Euthyroidism was defined as TSH (reference range, 0.35-4.94 mIU/L) and free T4 (FT4) (reference range, 9.14-23.81 pmol/L) within the normal reference range while not taking any thyroid medication.
The homeostasis model assessment (HOMA) index for insulin resistance (HOMA-IR) was calculated as fasting insulin (mU/L) times fasting glucose (mmol/L) divided by 22.5. 19 Body mass index (BMI) was calculated as the ratio between weight and height squared (in kg/m 2 ).
Waist circumference was measured on bare skin between the 10th rib and the iliac crest in centimeters.
The metabolic syndrome criteria according to the ATP III is defined as the presence of at least three of the following five traits: 1) abdominal obesity, defined as a waist circumference in men greater than 102 cm (40 in.) and in women greater than 88 cm (35 in.); 2) serum triglycerides 
Laboratory methods
Serum samples were stored at -20 C until analysis. Serum TSH was assessed using a microparticle enzyme immunoassay (Architect; Abbott Laboratories, Abbott Park, IL). FT4, FT3, and insulin concentrations were also assessed using a microparticle enzyme immunoassay (AxSYM; Abbott Laboratories). Serum TGs were measured enzymatically. Serum total cholesterol and plasma glucose were assessed using Kodak Ektachem dry chemistry (Eastman Kodak, Rochester, NY).
HDL-C was measured with a homogenous method (direct HDL, no. 7D67, AEROSET System; Abbott Laboratories). In this assay system, HDL and apolipoprotein (Apo) B-containing lipoproteins are complexed with one reagent, followed by solubilizing HDL particles by another reagent. LDL-C was calculated using the Friedewald-formula. 20 Nephelometry (BN II; Dade Behring Marburg, Germany) was used to determine serum Apo B and Apo A-I. The Apo B method has been standardized against the IFCC SP3-07 reference standard, and Apo A-I was standardized against the IFCC SP1-01 standard.
Pharmacy records
Pharmacy records were collected at community pharmacies. Because Dutch patients usually register at a single community pharmacy, use of pharmacy records provides a near complete listing of a subject's prescribed drugs. 21 The pharmacy data contain, among others, the name of the drug, number of units dispensed, prescribed daily dose, date the drugs were obtained, and Anatomical Therapeutical Chemical classification code of the drug.
Statistical analysis
SPSS 12 (SPSS, Inc., Chicago, IL) and Excel (Microsoft Corp., Redmond, WA) were used for data analysis. Data are expressed as mean ± SD or median (interquartile range) when appropriate.
Statistical comparisons were performed by means of independent-samples t tests for data with a normal distribution, Mann-Whitney U tests for data with a skewed distribution, and χ 2 tests for percentages. When more than two groups were compared, we applied ANOVA with post hoc analysis according to Tukey in case of data with a normal distribution and Kruskal-Wallis tests for data with a skewed distribution. Multiple linear regression models were performed for associations of thyroid function with serum lipid concentrations and with the various metabolic syndrome traits, with and without adjustment for age, sex, and HOMA-IR. TG, TSH, glucose, and insulin concentrations and HOMA-IR values were log transformed to improve the fit of the linear regression models. P < 0.05 was considered statistically significant.
Results
Population characteristics
Population characteristics are shown in Table 1 . Metabolic parameters of subjects with a HOMA-IR in the lowest tertile were significantly different from those with a HOMA-IR in the highest tertile. FT4 in subjects with a HOMA-IR in the lowest tertile was slightly, though significantly, higher than in subjects with a HOMA-IR in the highest tertile. FT3 was significantly associated with age (r = -0.051; P = 0.01), whereas FT4 (r = -0.007; P = 0.711) and TSH (r = -0.035; P = 0.077)
were not. FT4 and FT3 were both significantly higher in men than in women (13.0 ± 1.9 vs. 12.6 ± 2.7 pmol/L and 3.96 ± 2.13 vs. 3.63 ± 0.81 nmol/L, respectively; both P < 0.001), whereas TSH was significantly lower in men than in women Heart rate (bpm) 67 ± 9 70 ± 10 71 ± 10 <0.001
Total cholestorol (mmol/L) 5.4 ± 1.1 5.6 ± 1.1 5.9 ± 1.2 <0.001 
Lipids
Even in the euthyroid range, TSH was positively associated with HDL-C, TG, and Apo A-I. FT4
was negatively associated with total cholesterol, LDL-C, and TG. FT3 was negatively associated with total cholesterol, LDL-C, TG, and Apo B (Table 2 ).
There were significant positive correlations between age and serum total cholesterol (r = 0.344; P < 0.001), LDL-C (r = 0.339; P < 0.001), TG (r = 0.237; P < 0.001), and Apo B (r = 0.269; P < 0.001), and a significant negative correlation between age and HDL-C (r = -0.100; P < 0.001).
Total cholesterol, LDL-C, TG, and Apo B were significantly higher in men than women (P < 0.01), and HDL-C and Apo A-I were significantly lower in men than women (P < 0.01). After adjustment for age and sex, the relationships of TSH with TG and Apo A-I of FT4 with total cholesterol, LDL-C, and TG, and of FT3 with total cholesterol, LDL-C, and TG remained significant. The relationship of FT4 with both HDL-C and Apo B also became significant, whereas the relationship of TSH with HDL was no longer significant. Further adjustment for insulin resistance slightly weakened some associations, but all associations remained significant (Table 2 ). Finally, further adjustment for obesity (adjustment for both BMI as a continuous variable and BMI > 30 kg/m 2 ) did not significantly change any of the associations (data not shown). 
Insulin resistance
Median HOMA index was 1.55 mU·mmol/L 2 (interquartile range 1.03-2.42). We found a clear, negative relationship of HOMA index with FT4 (β = -0.120; P < 0.001), independent of waist circumference. After adjustment for age and sex, this relationship remained significant (β = -0.133; P < 0.001), whereas the relationship of HOMA index with TSH also became significant (β = 0.055; P = 0.024). These associations did not significantly change after further adjustment for obesity. Fasting glucose and insulin levels were significantly related with FT4 too. Median HOMA index in relation with FT4 is shown in Figure 1 . 
Metabolic syndrome aspects
The overall percentage of the metabolic syndrome in euthyroid subjects according to the ATP III definition was 19.1% for men (presence of three, four, and five metabolic syndrome traits in 13.8, 4.9, and 0.4%, respectively) and 15.4% for women (presence of three, four, and five metabolic syndrome traits in 9.1, 5.4, and 0.9%, respectively), increasing with age. The overall percentage of the metabolic syndrome in euthyroid subjects according to the IDF definition was 18.3% for men and 12.7% for women.
As shown in Table 2 , FT4 was significantly related to four of five of the metabolic syndrome traits (all but hypertension) when adjusted for age and sex. FT3 was significantly related to two and TSH only to one metabolic syndrome trait. When further adjusted for insulin resistance, associations of FT4 with waist, TG and HDL-C became slightly weaker but remained significant. In contrast, the relation of FT4 with systolic and diastolic BP became significant now. The relation of FT4 with fasting glucose was no longer significant after adjustment for insulin resistance. Finally, further adjustment for obesity [with BMI as a continuous variable and separately with BMI as a dichotomized variable (BMI >30 kg/m 2 )] did not materially change any of the associations presented in Table 2 , except the association between FT4 and waist circumference, which lost significance.
Discussion
In this population-based study, we found a significant negative correlation between thyroid hormone levels (FT4 and FT3) and both total cholesterol, as well as the atherogenic LDL-C and its Apo B within euthyroid subjects. This finding is consistent with the well-known association of (subclinical) hypothyroidism with elevated levels of total cholesterol and LDL-C. 4 Moreover, low normal FT4 levels were significantly associated with higher insulin resistance. Finally, FT4
was significantly related to four of five metabolic syndrome traits. These findings might implicate that subjects with low normal thyroid function are already at increased cardiovascular risk. To the best of our knowledge, this is the first community-based study that has investigated this association in subjects with normal thyroid function. It shows that the influence of thyroid function on lipid metabolism extends into the euthyroid range. The pathophysiological process behind the influence of thyroid function on lipid metabolism is known from subjects with overt thyroid dysfunction. Hypercholesterolemia in hypothyroidism, characterized by elevated levels of LDL-C and Apo B, is caused by a decreased catabolism of LDL due to a reduction in the number of LDL receptors on liver cell surfaces. 4, 22 This process is under the control of T3. 23 Moreover, changes in plasma LDL-C in the transition from hypothyroidism or hyperthyroidism to euthyroidism were found to correlate with changes in FT4. 24 The elevation of TGs in hypothyroidism is caused by a reduced removal rate of TG from plasma due to a decrease in the activity of hepatic TG lipase. [25] [26] [27] Our data show that these pathophysiological mechanisms are already operative in the euthyroid state.
Adjustment for age and sex changed several associations of thyroid function with lipids. We think that sex is a confounder in the association of TSH with HDL-C. The association of FT4
with HDL-C appeared to be significant after adjustment for age and sex, whereas its association with Apo A-I was not. Further adjustment for TG did not change the significant association of FT4 with HDL-C. Seemingly, the known effect of thyroid hormone on cholesteryl ester transfer protein mass and activity underlies the association, rather than an effect of TG. The stronger association of FT4 with LDL-C after adjustment for age and sex is consistent with the finding that FT4 and Apo B were significantly associated after adjustment for age and sex. After further adjustment for insulin resistance, the association with Apo B was no longer significant.
The concept of the metabolic syndrome has been accepted long before an internationally recognized definition was developed in 1998. The various metabolic syndrome traits are all well documented cardiovascular risk factors that co-occur in an individual more often than might be expected by chance. It is generally hypothesized that the major underlying pathophysiological process is insulin resistance. 9 In our study, we found an association of low normal FT4 with insulin resistance. This is consistent with our finding that low normal FT4 was associated with higher TG, lower HDL-C, and abdominal obesity. However, these associations were independent of insulin resistance, indicating that other mechanisms than those associated with insulin resistance underlie the relation of FT4 with these components of the metabolic syndrome. This independence of insulin resistance was taken even further with respect to BP, where it appeared that insulin resistance was a positive confounder in the relationship with FT4.
The relationship of FT3 with the various metabolic syndrome traits was less clear. This may be explained by the fact that serum-FT3 levels do not reflect levels in peripheral tissue, which are known to actually exert the metabolic effect. 28 Moreover, it is the general feeling among clinical chemists and endocrinologists that the relation of levels of FT3 in the normal range with thyroid function is not very strong.
Our results indicate that, in the euthyroid range, FT4 and FT3 rather than TSH are related to cardiovascular risk factors. Seemingly there is, at least in the euthyroid range, a discrepancy between effects that thyroid hormone has on peripheral tissues and the effect that the hormone has on central feedback inhibition of TSH release. Such a discrepancy may, for instance, originate from differences between the central and peripheral tissues in expression of thyroid hormone receptor isoforms, and in expression of type 1 and type 2 iodothyronine deiodinase, with different catalytic properties. [29] [30] [31] Type 1 iodothyronine deiodinase plays an important role in converting T4 to T3 within the thyroid gland itself, and in the liver and kidney, whereas type 2 iodothyronine deiodinase is much more important in the brain, hypothalamus, and pituitary gland. 29, 32, 33 Of particular interest for a potential discrepancy is that expression of the thyroid hormone transporter monocarboxylate transporter 8 is thought to be of great importance for the uptake of thyroid hormone by thyroid hormone-sensitive neuronal cells, 32, 34 whereas there is no evidence for a hypothyroid state in the liver of male patients with hemizygous mutations in monocarboxylate transporter 8. 35 This suggests that liver cells take up thyroid hormone predominantly via other transporters, such as the Na+/taurocholate cotransporting polypeptide and the organic anion transporting polypeptide families, which are expressed in the liver in particular. 36 Polymorphisms in the TSH receptor have influenced ratios of plasma TSH and thyroid hormones, and can, therefore, also play a role in inducing a discrepancy between central and peripheral tissues. 37 A limitation of this study is that it has a cross-sectional design, implicating that cause and effect relationships cannot be discerned. However, we believe that its strength is due to the great number of subjects derived from the general population. Another point of care is the concept of the metabolic syndrome itself, which some investigators have recently criticized as being a "syndrome." In these authors' opinion, there is considerable doubt regarding its value as a cardiovascular disease risk factor and its additional value beyond the individual components. 38, 39 However, in an elaborate reply, Alberti et al. 14 continue to state that the criteria for the metabolic syndrome serve a useful purpose for identification of people at increased cardiovascular risk.
In our study, we focused mainly on the individual components of the metabolic syndrome.
In conclusion, we demonstrated that thyroid function and lipid levels are associated even in subjects classified as being euthyroid, thereby extending the established relation between (sub)clinical hypothyroidism and hyperlipidemia in the normal range. Moreover, low normal FT4 levels were significantly associated with increased insulin resistance and with four of five metabolic syndrome traits. These findings are consistent with an increased cardiovascular risk in subjects with low normal thyroid function. A prospective study has to be performed to assess a possible role for the treatment of thyroid dysfunction at an earlier stage.
